Repeated administration of many psychoactive drugs results in diminished effectiveness of the drug, a phenomenon named tolerance. A great deal of research has shown that associative learning contributes to tolerance (see , for a recent review). Siegel (1975) proposed a model of tolerance in which drug administration was seen as an example of Pavlovian or classical conditioning. Environmental or contextual cues present when the drug is taken are conditioned stimuli (CSs), and the drug is the unconditioned stimulus (US). Compensatory conditioned responses (CRs) develop to counteract the effects of the drug, which are the unconditioned responses (URs). These compensatory CRs are opposite to the drug effects and help maintain homeostasis. More recent versions of this theory have maintained that the URs are not the drug effects but rather the compensatory responses (Ramsay & Woods, 1997; Siegel & Allan, 1998) . In either case, environmental CSs elicit compensatory CRs, which mediate tolerance. Poulos and Cappell (1991) also proposed that compensatory responses to drugs occur to preserve homeostasis but emphasized behavioral contingencies rather than classical conditioning. Baker and Tiffany (1985) proposed a classical conditioning model in which habituation, not compensatory CRs, mediates tolerance. Paletta and Wagner (1986) suggested that, depending on the particular drug effect, either compensatory responding or habituation is the mechanism of classically conditioned tolerance. Although these theories differ somewhat as to the underlying process, all propose that environmental cues mediate tolerance.
Contextual control of tolerance has been demonstrated with many drugs, including morphine (Siegel, 1975 (Siegel, , 1977 , ethanol (Brooks, Karamanlian, & Foster, 2001; Mansfield & Cunningham, 1980; Siegel, 1987) , and some benzodiazepines (Greeley & Cappell, 1985; Griffiths & Goudie, 1986; King, Bouton, & Musty, 1987) . In addition, contextual control of tolerance to many different effects of these drugs has been demonstrated (see Siegel, Baptista, Kim, McDonald, & Weise-Kelly, 2000 , for a review). Numerous studies have demonstrated conditioned tolerance to the effects of morphine, including analgesia (Siegel, 1975) , hyperthermia (Siegel, 1978) , and sedation (Fanselow & German, 1982) . Conditioned tolerance has been shown to the hypothermic (Mansfield & Cunningham, 1980) and ataxic (Brooks et al., 2001 ) effects of ethanol as well as the sedative (King et al., 1987) and hypothermic (Greeley & Cappell, 1985) effects of benzodiazepines.
Many studies have also determined that conditioned tolerance conforms to the principles of classical conditioning found in traditional preparations. Contextual drug tolerance is subject to latent inhibition (Siegel, 1977) , conditioned inhibition (Siegel, Hinson, & Krank, 1981) , overshadowing (Walter & Riccio, 1983) , sensory preconditioning, and blocking (Dafters, Hetherington, & McCartney, 1983 ). In addition, contextual tolerance can also be extinguished if the contextual cues are presented without the drug. Numerous studies have shown extinction of contextual tolerance to various effects of several drugs, including the analgesic effect of morphine (MacRae & Siegel, 1987; Millin & Riccio, 2002; Siegel, 1975; Siegel, Sherman, & Mitchell, 1980) , the hyperthermic effect of morphine (Siegel, 1978) and of ethanol (Mansfield & Cunningham, 1980) , the ataxic effect of ethanol (Brooks et al., 2001; Siegel, 1987) , and the sedative effect of midazolam (King et al., 1987) and of morphine (Fanselow & German, 1982) .
Contextual tolerance has also been demonstrated with nicotine. Caggiula These studies demonstrated the acquisition and extinction of conditioned tolerance to the analgesic effect of nicotine in rats. in Experiment 1, distinctive environmental cues were either paired or unpaired with nicotine. Following acquisition, the paired group was more tolerant to nicotine than the unpaired and saline groups. Conditioned tolerance was extinguished in the paired group after placebo sessions in the distinctive environment. Experiment 2 examined whether the distinctive environment functioned as a Cs or as an occasion setter for injection cues. After acquisition, exposure to the distinctive environment, with or without placebo injections, resulted in extinction. This demonstrates that the distinctive environment served as a Cs, not as an occasion setter for injection cues.
environmental cues mediate tolerance to its anorectic effects , its tachycardiac effect (Epstein, Caggiula, Perkins, McKenzie, & Smith, 1991) , its cortisone-elevating effect ; but see Davis, Cepeda-Benito, Harraid, & Wellman, 2005) , and its analgesic effect (Caggiula et al., 1993; . Cepeda-Benito and colleagues have also found contextual control of the analgesic effect of nicotine (CepedaBenito, Davis, Reynoso, & Harraid, 2005; Cepeda-Benito, Reynoso, & Erath, 2000; Cepeda-Benito, Reynoso, & McDaniel, 1998) .
In addition to the studies that have examined classically conditioned tolerance to nicotine, several other studies have demonstrated the potential of environmental stimuli to become conditioned to the effects of nicotine. For example, environmental cues paired with nicotine can elicit sensitization of nicotine's increase of locomotor activity (Bevins, Besheer, & Pickett, 2001; Bevins & Palmatier, 2003) . Caggiula and colleagues have shown that environmental stimuli can serve as secondary reinforcers and promote nicotine self-administration in rats (Caggiula et al., 2001; Caggiula, Donny, White, et al., 2002) and smoking in humans Caggiula et al., 2001) .
However, in comparison with the research on other drugs such as morphine and ethanol, relatively little research has been devoted to classically conditioned tolerance to nicotine. This is surprising, given that nicotine is one of the most widely used psychoactive drugs and over a quarter of American adults are smokers (U.S. Department of Health & Human Services, 1997) . A more complete understanding of conditioned nicotine tolerance would contribute to the development of effective therapies for smoking cessation. As far as we have been able to determine, no published studies have examined whether contextual nicotine tolerance can be extinguished. Because smoking cessation inevitably involves extinction, it is important to demonstrate that a conditioned effect of nicotine can be extinguished. Therefore, the purpose of Experiment 1 was to demonstrate contextual tolerance to the analgesic effect of nicotine and then determine whether this tolerance could be extinguished by presenting the contextual cues without the drug.
EXPERIMENT 1 Method
Subjects. Twenty-four male Sprague-Dawley rats were used in this study. They weighed 240-270 g at the start of the experiment. They were housed, in groups of four, in wire mesh cages. The colony room was illuminated from 7 a.m. to 9 p.m. Food and water were available ad lib.
Apparatus, analgesia assessment, and drugs. During a conditioning session, a rat was taken from the home cage (HC), weighed, and taken to its assigned box in a different room, called the distinctive environment (DE) , that had distinctive contextual cues that made it quite different from the HC. The sides of the boxes were made of glass (25.4 cm high, 25.4 cm wide, and 50.8 cm long), with alternating black and white stripes (2.54 cm wide). The floors of the boxes were also glass, and the top was a wire mesh lid. Each box was illuminated by a 25-W red bulb. These bulbs were the only source of illumination in the DE. Extraneous noise was masked by a white noise generator (75 dB, scale C). Immediately before the start of a session, the boxes were cleaned with a lemon-scented disinfectant. There were eight boxes in the DE. They rested on tables and were spaced 15-20 cm apart.
Analgesia was assessed with the tail-flick method. During a test, each rat was removed from the cage and gently restrained by hand, with its tail draped over the edge of the table. The tail was immersed up to a black mark on the tail, 2.5 cm from the tip, in a cup of water taken from a 500-ml jar heated to 52ºC (60.5) on a hot plate. A new cup of water was used for each rat. A thermometer in the jar provided constant monitoring of the temperature. The time that it took the rat to flick the tail out of the water was measured with a stopwatch. All analgesia tests were conducted by the same person, who was blind to each rat's group assignment. Pilot work showed that these procedures produced latencies of 2-4 sec in nondrugged rats of the same age.
Injections were given subcutaneously to the dorsal neck area. (-)-Nicotine hydrogen tartrate (Sigma, St. Louis, Mo) was administered in a 1-ml/kg vehicle of .9% NaCl. The pH was brought to 7.0 with a dilute NaoH solution. The dose of nicotine (2.85 mg/kg, expressed as the salt, 1.0 mg as nicotine base) was chosen on the basis of previous studies that demonstrated conditioned tolerance to the analgesic effect of nicotine (Cepeda-Benito et al., 1998, Experiment 2; Epstein et al., 1989) .
Procedure. Two weeks prior to the experiment, the rats were habituated to handling and injections. They received a total of three saline injections. The rats were then randomly assigned to one of three groups (n 5 8) and given eight conditioning sessions in the DE. During each session, the rats were taken, in groups of 8, from the HC to the DE, given an injection, and then immediately placed in the assigned box. Box assignment was counterbalanced between groups. Five and 10 min after the injection, each rat received mock tail-flick tests. The rat was gently restrained with its tail draped over the edge of the table for 10 sec. After 30 min, the rats were returned to the HC. Approximately 24 h later, HC injections were given.
The DE sessions were spaced 48 and 72 h apart; they were run on Mondays, Wednesdays, and Fridays. Rats in the paired group received nicotine in the DE and saline in the HC. The unpaired group received saline in the DE and nicotine in the HC. The saline group received saline in both. Forty-eight hours following the last conditioning session, the test session was administered. This session was identical to the training session, except that all rats received nicotine in the DE. The tail-flick test was conducted 5 and 10 min after injection and placement in the cage. The latency to flick the tail out of the water was recorded. If a rat failed to flick its tail within 20 sec, the test was terminated to prevent tissue damage and a score of 20 sec was recorded. Forty-eight hours after the test, a reminder session was run that was identical to a conditioning session.
Following the reminder session, the extinction phase began. This phase was identical to the conditioning sessions, except that all rats received saline injections and there were no HC injections. There were four extinction sessions. After the last extinction session, all groups were given a second tolerance test in the DE. During training and testing, the experimenters were blind to the rats' group assignments.
Results and Discussion
There were no appreciable differences between the 5-and 10-min test latencies, so these were averaged. Median tail-flick latencies from the analgesic test after acquisition are shown in Figure 1 . Groups with prior exposure to nicotine (paired and unpaired) had shorter latencies than did the saline group, which suggests that the prior exposure to the drug produced tolerance. The paired group had a shorter mean latency than did the unpaired group, which suggests contextual tolerance. Due to marked heterogeneity of variance [F(2,21) 5 13.06, p , .001], the latency scores were examined with nonparametric tests. A Kruskal-Wallace test indicated significant differences among groups (χ 2 5 3.03, p , .01). Mann-Whitney U tests confirmed the differences suggested in Figure 1 . Both the paired and the unpaired groups had significantly shorter latencies than did the saline group (U 5 1, p , .01; U 5 13, p , .05, respectively), and the paired group had shorter latencies than did the unpaired group, (U 5 11, p , .05).
The results of the test conducted after four extinction trials are shown in Figure 2 . Although both the paired and the unpaired groups still had shorter latencies than did the saline group, they are similar to each other. A KruskalWallace test indicated a difference among the groups (χ 2 5 6.65, p , .05). Mann-Whitney U tests showed that both the paired and the unpaired groups had significantly shorter scores than did the saline group (both Us 5 5, p , .05), but that the paired and unpaired groups did not differ (U 5 29, p 5 .798).
The tail-flick tests conducted after the acquisition phase (Figure 1) showed that the paired group had significantly shorter latencies than did the unpaired group. This is evidence of contextual control of tolerance to the analgesic effect of nicotine, which is consistent with previous research. The results of the second tolerance test (Figure 2) , in which the paired and unpaired scores were the same, show that conditioned tolerance to the analgesic effect of nicotine can be extinguished if the conditioned stimuli originally paired with nicotine are presented several times without it. Numerous studies have shown that conditioned drug tolerance can be extinguished (see Siegel et al., 2000) . The present study is the first demonstration of extinction of conditioned tolerance to any effect of nicotine. These results are consistent with the conditioning model proposed by Siegel (1975; see also Siegel et al., 2000) . However, the present study did not address the mechanism of this tolerance, only that it was mediated by contextual cues.
Inspection of Figure 2 also indicates that although the paired and unpaired groups show the same degree of analgesia, their latencies are both substantially shorter than those for the saline group. The shorter latencies of the paired group may reflect incomplete extinction. That the unpaired group still showed tolerance after 10 nicotinefree days may have been due to either dispositional or functional tolerance. Dispositional tolerance results from the increased metabolism or distribution of the drug, which renders a given dose less effective. Functional tolerance results from neuronal changes that make the dose less potent. Tolerance in the unpaired group is unlikely to have been mediated by injection cues as was found by Cepeda-Benito and Tiffany (1995) . They found tolerance retention only in unpaired rats that received no saline injections during the retention interval. our rats showed retention of tolerance even though they received saline injections during the retention phase. A possible reason for this difference in findings is that we gave the injections s.c., whereas they gave the injections i.p., which may have made the injections more salient (Cepeda-Benito & Tiffany, 1995) .
However, the tolerance in the unpaired group could have been due to the retention of another type of conditioned tolerance. Several investigators (see , for a review) have found that early drug-onset cues may serve as a CS for later, larger drug effects and come to elicit compensatory responses that mitigate those later effects. Drug onset cues are especially potent with the relatively slow onset of an s.c. injection as opposed to an i.v. injection (Grisel, Wiertelak, Watkins, & Maier, 1994) . In the present study, this analysis would suggest that the early effects of nicotine in the unpaired group served to lessen the later effects, producing a form of conditioned tolerance that was retained during the 10 days from the last HC injection and the second test. Kim, Siegel, and Patenall (1999) and Walter and Riccio (1983) have suggested that drug-onset cues might potentially compete with or overshadow environmental cues. The unpaired group, in contrast to the paired group, had no contextual cues (like the DE) consistently paired with the drug and nothing else, making it possible that the home cage cues were overshadowed by the drug-onset cues. However, the present procedures offer no way to confirm these speculations.
Although we were able to successfully extinguish conditioned tolerance to nicotine, it is not entirely clear what stimulus mediated the tolerance. In the paired/unpaired/ saline design used in the present study and numerous others, the context (the DE) is viewed as the CS. In this view, extinction occurred in the paired group because the rats received exposure to the DE without the drug. However, the paired/unpaired/saline experimental design may result in the formation of a somewhat different associative structure in which the DE serves not as a CS, but as an occasion setter for the injection procedure, which is the actual CS. This is a hierarchical form of classical conditioning in which one stimulus "sets the occasion" for the second stimulus, the CS, to be followed by the US (Holland, 1983) . on trials when the occasion-setting stimulus is not presented, the CS is presented but is not followed by the US. The phenomenon of occasion setting also has been called facilitation (Rescorla, 1985) and modulation (Swartzentruber, 1995) . In the present study, the DE might potentially have set the occasion for the injection to be followed by nicotine in the paired group. When the paired group received home cage injections of saline, the injection CS was not followed by nicotine.
If the DE served as an occasion setter in Experiment 1, then extinction occurred because the CS (the injection cues) was followed by no US (nicotine) in the presence of the occasion-setting DE. There is ample evidence that contextual cues can serve as occasion setters (see, e.g., Bouton & Swartzentruber, 1986; Grahame, Hallam, Geier, & Miller, 1990; Swartzentruber, 1991) , and there is evidence for occasion setting in drug tolerance. Ramos, Siegel, and Bueno (2002) found that a flashing light could set the occasion for an injection CS to control tolerance to the hypothermic effect of ethanol.
EXPERIMENT 2
The purpose of Experiment 2 was to determine the relative roles of the DE and injection cues in the paired/ unpaired design typically used in studies of classically conditioned tolerance. one possibility was that the DE is the CS and the injection cues, because of pretraining and home cage injections, do not enter into an association with the drug. A second possibility was that although the DE is the primary CS, the injection cues also become associated with the drug. Finally, the DE might serve as an occasion setter and the injection cues serve as the CS.
Four groups of rats were given acquisition sessions with nicotine paired with the DE. A fifth group (unpaired) received morphine in the HC. Following acquisition, the extinction phase began. Two of the paired groups did not receive extinction training and remained in the HC. The other two paired groups had extinction sessions in the DE. In the two groups undergoing extinction training, one received a saline injection prior to placement in the assigned cage in the DE and the other did not. If the DE served as an occasion setter for the injection CS, then extinction of tolerance should occur only in the group that received a saline injection in the DE. Exposure to an occasion setter, without the CS, does not produce extinction (Rescorla, 1985 (Rescorla, , 1986 . Therefore, the group that received exposure to the DE but did not receive a saline injection should not show extinction. If, however, the DE is the CS, as is widely assumed, then exposure to the DE, with or without an injection, should produce extinction.
Method
Subjects, apparatus, analgesia assessment, and drugs. The subjects were 38 male Sprague-Dawley rats weighing 240-260 g at the start of the experiment. They were housed as in Experiment 1. The apparatus, tail-flick procedure, and drug injections were the same as in Experiment 1.
Procedure. The rats were handled and weighed for 10 days prior to the experiment. They were then given three saline injections spaced 48 h apart. The rats were then randomly assigned to one of five groups for the training phase. Four groups received paired training (n 5 8), and one group received unpaired training (n 5 6). Because the purpose of this study was to examine changes in the paired groups as a function of the type of extinction training, the unpaired group was used as the control. There were eight training sessions, which were identical to those of Experiment 1. Forty-eight hours after the eighth acquisition session, the extinction sessions began. Since these procedures were found to be sufficient to demonstrate conditioned tolerance in Experiment 1, we did not test for conditioned tolerance after the acquisition phase. Because extinction did not appear to be complete in Experiment 1 (see Figure 2) , we also decided to extend the extinction phase from four to nine sessions spaced 48 and 72 h apart. Two of the four groups that had received paired training remained in the colony room during the extinction phase. The rest (R) group was removed from the cage and handled. The rest injection (RI) group was removed from the cage and injected with saline. The other two paired groups received extinction sessions in the DE. The extinction (E) group was placed in its assigned box with no injection. The extinction injection (EI) group was placed in its assigned box after a saline injection. The unpaired (Unp) group was removed from the HC and handled. Forty-eight hours following the ninth extinction session, the rats were taken to the DE, given nicotine, and then given two tail-flick tests at 5 and 10 min postinjection.
Results and Discussion
As in the first experiment, the scores collected in the 5-and 10-min tail-flick tests did not differ appreciably, so they were combined. The median scores are presented in Figure 3 , which shows that the unpaired group and the two paired groups exposed to the DE during the extinction phase (E and EI) had longer latencies than did the two paired groups that were not exposed to the DE after training (Groups R and RI). As in Experiment 1, there was significant heterogeneity of variance so the scores were analyzed with nonparametric tests. A Kruskal-Wallace test indicated significant group differences (χ 2 5 12.55, p , .05). Mann-Whitney U tests showed that Groups EI, E, and Unp all had significantly longer latencies than did Group RI (all Us # 12, all ps , .05) and Group R (all Us # 11, all ps , .05). In addition, Groups EI, E, and Unp did not differ significantly (all ps . .5), nor did Groups RI and R ( p . .6). Thus, the unpaired and the two paired groups (EI and E) that had extinction training in the DE were less tolerant to the analgesic effect of nicotine than were the two paired groups (RI and R) that did not receive extinction sessions in the DE. These results show that the DE served as a CS and not as an occasion setter. If the DE served as an occasion setter, then tolerance in Group E should not have been extinguished, which it clearly was. In addition, the lack of a significant difference between Groups EI and E and between Groups RI and R suggests that injection cues played no role in the development of conditioned tolerance. Finally, the low scores of Groups R and RI in comparison with Group Unp demonstrate that conditioned tolerance was retained during the 23 days of the extinction phase.
GENERAl DIScuSSIoN
The present experiments demonstrated the acquisition, retention, and extinction of conditioned tolerance to the analgesic effect of nicotine. Their findings are consistent with the previous research on this topic. The present study is the first to demonstrate extinction of conditioned tolerance to any effect of nicotine, as well as to demonstrate that conditioned tolerance is retained for over 3 weeks. These results suggest that, unless an extinction procedure is performed, tolerance will persist. The finding that conditioned nicotine tolerance can be extinguished is also consistent with previous research that has found extinction of conditioned tolerance to other drugs.
An interesting difference between the present experiments was seen in the tail-flick scores of the unpaired groups. In Experiment 1, they were very low, and we speculated that this might have been due to a form of conditioned tolerance in which early drug effects elicit compensatory responses that reduce the later, larger drug effects. However, there was less tolerance in the unpaired group in Experiment 2. An important difference was that in Experiment 1, there were 10 days of nicotine abstinence before the test, whereas in Experiment 2, there were 23 days. Perhaps after 10 days some nonassociative (functional or pharmacodynamic) tolerance persisted but was gone after 23 days (see Tiffany, Drobes, & CepedaBenito, 1992 , for a similar finding with morphine). As we discussed previously, Cepeda-Benito and Tiffany (1995) found that following unpaired training, a group that rested during a 30-day interval retained morphine tolerance. Another unpaired group, given saline injections during this period, lost tolerance. They attributed this to conditioning of the injection cues during the morphine training sessions. However, in the present studies, the unpaired group in Experiment 1 showed more tolerance than did the unpaired group in Experiment 2, even though the group in Experiment 1 received saline injections during the 10-day abstinence interval and the unpaired group in Experiment 2 did not. It is unlikely, therefore, that injection cues played any role in the unpaired groups in either study. Although it is risky to compare results across our two experiments, the most parsimonious explanation of the difference between the unpaired groups consists in the difference in abstinence intervals. The longer interval in Experiment 2 resulted in a loss of some type of nonassociative tolerance, either functional or dispositional.
The results of Experiment 2 support the notion that in the paired/unpaired design that is often used in studies of conditioned tolerance, the contextual cues serve as the CS. We found no evidence that the DE served as an occasion setter. In addition, the lack of contribution of injection cues is also consistent with conventional wisdom about conditioned tolerance studies (but see Cepeda-Benito & Tiffany, 1995, for evidence that injection cues can condition tolerance in unpaired groups). That is, in the paired group in a drug tolerance study, saline injections prior to drug sessions and saline injections in the HC render the injection cues uninformative about the US as opposed to the DE and thus do not become conditioned (e.g., Kamin, 1969) . The results of Experiment 2 also corroborate those of Deffner-Rappold, Azorlosa, and Baker (1996) , who found, using a similar set of procedures, that conditioned morphine withdrawal was controlled by the DE, which functioned as a CS, not as an occasion setter. Also, as in the present Experiment 2, injection cues played no role.
However, this conclusion may only be true for studies in which the injection is given shortly after the entry into the context. In the present study, the rats were removed from the carrying case within 5-30 sec after arrival into the DE, injected, and immediately placed in the assigned box. A survey of the literature suggests that this procedure is common. However, some investigators deliberately insert a delay between arrival in the context and the injection (e.g., Falls & Kelsey, 1989; Krank, 1987) . It has been found that occasion setting is more likely to occur if there is a delay between the onset of the occasion setter and the onset of the CS (Holland, 1986) . We are currently investigating whether inserting a delay between placement in the box and the injection will produce occasion setting by the DE. Because extinction of drug-related cues is an important component of drug abuse treatment , an understanding of how contextual stimuli and other stimuli interact is crucial to the design of extinction therapies that also reduce the likelihood of relapse (Bouton & Swartzentruber, 1991) .
